In 1987, Hall and Wood \[[@B1]\] suggested that weaning from mechanical ventilation, which implies the gradual withdrawal of mechanical ventilation and concomitant resumption of spontaneous breathing, is unnecessary in most patients. They proposed that the ultimate objective is not to wean but rather to liberate the patient from mechanical ventilation. Over the ensuing decades, numerous studies have investigated methods and tools for identifying readiness of mechanically ventilated patients for successful liberation from mechanical ventilation \[[@B2]-[@B8]\].

Assessing readiness for liberation from mechanical ventilation
==============================================================

The evaluation of patients\' readiness for liberation from mechanical ventilation starts with the resolution of respiratory failure and/or the disease entity that prompted the initiation of mechanical ventilation as well as the presence of a basic level of physiological readiness (Table [1](#T1){ref-type="table"}). Prediction based on clinical \'gestalt\' alone is frequently inaccurate. In a study by Stroetz and Hubmayr \[[@B9]\], intensivists could not accurately predict patient tolerance of a 1-hour period on minimal pressure support. Also, Afessa and colleagues \[[@B10]\] reported that critical care practitioners could not accurately forecast 3-day and 7-day weaning outcome for mechanically ventilated patients in a medical intensive care unit (ICU). Thus, there is a sound rationale that predicting readiness of patients to be successfully liberated from mechanical ventilation needs to be based on objective weaning predictors that can be applied in clinical decision making.

###### 

Variables that suggest readiness for spontaneous breathing trials

  ----------------------------------------------------------------
  Resolution of acute phase of disease
  Intact airway reflexes
  Cardiovascular stability (no need for continuous vasopressors)
  Afebrile
  P~a~O~2~/F~i~O~2~≥ 150 mmHg
  PEEP ≥ 5 cmH~2~O
  ----------------------------------------------------------------

F~i~O~2~, fraction of inspired oxygen; P~a~O~2~, partial pressure of arterial oxygen; PEEP, positive end expiratory pressure.

A large spectrum of weaning predictors has been studied, which can be divided into simple weaning indices, simple measures of load and capacity, integrative weaning indices, and complex predictors requiring special equipment. A recent expert panel \[[@B11]\] sponsored by the American College of Chest Physicians, Society of Critical Care Medicine, and the American Association for Respiratory Care developed evidence-based weaning guidelines and noted that only eight variables had some predictive capacity: minute ventilation (V~E~), negative inspiratory force, maximum inspiratory pressure, tidal volume (V~T~), breathing frequency (f), the ratio of breathing frequency to tidal volume (f/V~T~), P~0.1~/P~Imax~(ratio of airway occlusion pressure 0.1 s after the onset of inspiratory effort to maximal inspiratory pressure), and CROP (integrative index of compliance, rate, oxygenation, and pressure) (Table [2](#T2){ref-type="table"}). However, another recent study by Conti and colleagues \[[@B12]\] in 2004 showed that vital capacity, V~T~, P~0.1~, V~E~, f, maximum inspiratory pressure, f/V~T~, P~0.1~/P~Imax~and P~0.1~× f/V~T~are poor predictors of weaning outcome in a general ICU population. These conflicting results have been attributed to many factors, such as the measurement techniques that differ from one study to another, different timing of measurements made by different investigators, and lack of objective criteria to determine tolerance of the trial \[[@B13]-[@B16]\].

###### 

Indices used to predict success for weaning and ventilator discontinuation

  Index                                     Threshold values
  ----------------------------------------- -------------------------
  Ventilatory drive                         
   Minute ventilation (V~E~)                \<10 l/minute
   P~0.1~/P~Imax~                           \<0.3
  Respiratory muscle strength               
   Maximum inspiratory pressure (P~Imax~)   \< -20 to -30 cmH~2~O
  Ventilatory mechanics                     
   Tidal volume (V~T~)                      \>5 ml/kg
   Breathing frequency (f)                  \<30--35 breaths/minute
   Rapid shallow breathing (f/V~T~)         \<105 breaths/minute/ml
  Others                                    
   Integrative index (CROP)                 \>13 ml/breaths/minute

P~0.1~/P~Imax~= ratio of airway occlusion pressure 0.1 s after the onset of inspiratory effort to P~Imax~.

Minute ventilation
------------------

In 1973, Sahn and Lakshminarayan \[[@B17]\] reported that a V~E~\< 10 l/minute is associated with weaning success. Subsequent studies showed that V~E~values \> 15--20 l/minute are helpful in identifying patients who are unlikely to be liberated from mechanical ventilation but lower values were not helpful in predicting successful liberation \[[@B18]-[@B20]\]. More recently, Martinez and colleagues \[[@B21]\] showed that the time of recovery of V~E~from the end of a 2-hour spontaneous breathing trial to return to baseline after reinstitution of mechanical ventilation is a good predictor of liberation from mechanical ventilation. They concluded that short V~E~recovery times (3--4 minutes) may help in determining respiratory reserve and be valuable in predicting the success of extubation \[[@B21]\].

Maximal inspiratory pressure
----------------------------

P~Imax~(also called negative inspiratory force) is commonly used to test respiratory muscle strength and, in particular, the diaphragm. Trwit and Marini \[[@B22]\] described a method for measuring P~Imax~that is not dependent on patient cooperation. The proximal end of the endotracheal tube is occluded for 20 to 25 seconds with a one-way valve that allows the patient to exhale but not to inhale. This procedure leads to increasing inspiratory effort and P~Imax~is measured towards the end of the occlusion period.

Several early studies \[[@B18]-[@B20]\] have shown that P~Imax~≤ -20 to -30 cmH~2~O has a high sensitivity (ranging from 86% to 100%) and low specificity (ranging from 7% to 69%) for predicting liberation outcome from mechanical ventilation. These findings were further confirmed by Bruton \[[@B23]\], who reported that P~Imax~≤ -17 cmH~2~O has a sensitivity of 100% and a specificity of 50% for predicting extubation outcome. Thus, because of the confirmed low specificity, P~Imax~is not enough by itself to predict reliably the outcome of weaning, particularly in patients who exhibit a P~Imax~≥ -20 to -30 cmH~2~O.

Tidal volume
------------

Spontaneous tidal volumes greater than 5 ml/kg have been considered as good predictors of weaning outcome \[[@B24],[@B25]\]. More recent studies have used both qualitative and quantitative non-linear dynamical analysis of the tidal volume pattern for discriminating between outcome success and failure from mechanical ventilation \[[@B26],[@B27]\]. Engoren \[[@B26]\] and El-Khatib and colleagues \[[@B27]\] showed that approximate entropy of the tidal volume and breathing frequency patterns, a technique that measures the amount of regularity in a series, is a useful indicator of reversibility of respiratory failure. They reported that low approximate entropy that reflects regular tidal volume and respiratory frequency patterns is a good indicator of weaning success.

Breathing frequency
-------------------

Tachypnea (f ≥ 30--35 breaths/minute) is a sensitive marker of respiratory distress but can prolong intubation when used as an exclusive criterion \[[@B18],[@B25],[@B28],[@B29]\]. El-Khatib and colleagues \[[@B27]\] have shown that it is the degree of regularity/irregularity in the pattern of the breathing frequency as reflected by approximate entropy rather than the absolute value of the breathing frequency that is important in discriminating between weaning success and failure. They have shown that a highly irregular spontaneous breathing frequency pattern with or without periods of apneas is not a good indicator for liberation from mechanical ventilation outcome \[[@B27]\].

The ratio of breathing frequency to tidal volume
------------------------------------------------

Tobin and colleagues \[[@B30]\] first noted that patients who failed to liberate from mechanical ventilation developed significantly more rapid (32 versus 21 breaths/minute) and shallow (194 versus 398 ml/breath) breathing than those who succeeded. Yang and Tobin \[[@B18]\] then performed a prospective study of 100 medical patients receiving mechanical ventilation in the ICU in which they demonstrated that the ratio of frequency to tidal volume (rapid shallow breathing index (RSBI)) obtained during the first 1 minute of a T-piece trial and at a threshold value of ≤ 105 breaths/minute/l was a significantly better predictor of weaning outcomes than other \'classic\' and commonly used parameters. Since then, the RSBI has been studied in large numbers of patients and appears to have predictive utility that is superior to other commonly used parameters \[[@B31]-[@B34]\]. However, there remains a principle shortcoming in the RSBI: it can produce excessive false positive predictions (that is, patients fail weaning outcome even when RSBI is ≤ 105 breaths/minute/l) \[[@B35],[@B36]\]. Also, the RSBI has less predictive power in the care of patients who need ventilatory support for more than 8 days and may be less useful in chronic obstructive pulmonary disease (COPD) and elderly patients \[[@B37]-[@B39]\]. In a non-homogenous group of patients including COPD patients, Tanios and colleagues \[[@B40]\] reported that including the RSBI in a protocol can prolong weaning time from 2 days to 3 days. Nevertheless, an RSBI of ≤ 105 breaths/minute/l should prompt a spontaneous breathing trial of 30 to 120 minutes to further assess patient readiness for liberation from mechanical ventilation.

The RSBI threshold can be influenced by the ventilatory support settings, the experimental conditions, and the patient population. The ratio must be calculated as per Yang and Tobin \[[@B18]\], otherwise different threshold values for the index might be needed \[[@B9],[@B15],[@B38],[@B41]\]. When measured during trials of pressure support ventilation, the RSBI was of limited value in predicting weaning outcome \[[@B9]\]. El-Khatib and colleagues \[[@B15],[@B16]\] showed that the ventilatory support settings can have a significant influence on the RSBI values in the same patient population. They showed that the RSBI significantly decreased during a trial of pressure support ventilation, during a continuous positive airway pressure (CPAP) trial on 40% oxygen, and during a CPAP trial on room air as compared to a trial of 1 minute spontaneously breathing room air and off the ventilator. They recommended that the predictive value of the RSBI reported by Yang and Tobin should only be adopted if the determination of the index is performed under similar experimental conditions to those applied by Yang and Tobin, where patients were disconnected from the ventilator and spontaneously breathed room air for 1 minute. Furthermore, El-Khatib and colleagues \[[@B15],[@B16]\] recommended that different threshold values for the RSBI should be derived for different ventilatory support levels. Krieger and colleagues \[[@B38]\] showed that when adjusting the threshold value of the RSBI to ≤ 130 breaths/minute/l, the RSBI measured at 3 hours was very effective in predicting weaning success among patients 70 years and older. These studies support the fact that the RSBI may be one of the better indexes for predicting weaning outcome that can easily be applied at the bedside, and can be readily utilized to identify patients who are candidates for spontaneous breathing trial.

P~0.1~/P~Imax~
--------------

The airway occlusion pressure (P~0.1~) is the pressuremeasured at the airway opening 0.1 s after inspiring against an occluded airway \[[@B42]\]. The P~0.1~is effort independent and correlates well with central respiratory drive. When combined with P~Imax~, the P~0.1~/P~Imax~ratio at a value of \<0.3 has been found to be a good early predictor of weaning success \[[@B11],[@B43]\] and may be more useful than either P~0.1~or P~Imax~alone. Previously, the clinical use of P~0.1~/P~Imax~has been limited by the requirement of special instrumentation at the bedside; however, new and modern ventilators are incorporating respiratory mechanics modules that provide numerical and graphical displays of P~0.1~and P~Imax~.

CROP
----

The CROP index is an integrative index that incorporates several measures of readiness for liberation from mechanical ventilation, such as dynamic respiratory system compliance (C~rs~), spontaneous breathing frequency (f), arterial to alveolar oxygenation (partial pressure of arterial oxygen (P~a~O~2~)/partial pressure of alveolar oxygen (P~A~O~2~)), and P~Imax~in the following relationship:

where:

and P~B~is barometric pressure.

The CROP index assesses the relationship between the demands placed on the respiratory system and the ability of the respiratory muscles to handle them \[[@B18]\]. Yang and Tobin \[[@B18]\] reported that a CROP value \>13 ml/breaths/minute offers a reasonably accurate predictor of weaning mechanical ventilation outcome. In 81 COPD patients, Alvisi and colleagues \[[@B39]\] showed that a CROP index at a threshold value of \>16 ml/breaths/minute is a good predictor of weaning outcome. However, one disadvantage of the CROP index is that it is somewhat cumbersome to use in the clinical setting as it requires measurements of many variables with the potential risk of errors in the measurement techniques or the measuring device, which can significantly affect the value of the CROP index.

Testing for readiness of liberation from mechanical ventilation
===============================================================

The ultimate goal of mechanical ventilatory support is liberation from the ventilator. In the majority of patients this is a simple process. A quick and direct method of testing readiness for liberation from mechanical ventilation is simply to initiate a trial of unassisted spontaneous breathing in the form of either a T-piece trial, a CPAP trial, or a pressure supported ventilation (PSV) trial. The decision on which trial to use remains largely a matter of physician preference; however, an important underlying rule is \'DO NOT EXHAUST\' \[[@B44]\].

The classical approach for readiness testing is the spontaneous breathing trial with either a T-piece or a CPAP trial \[[@B45]\]. T-piece or CPAP trials can be used for two objectives: to test readiness for liberation from mechanical ventilation; or to implement a weaning protocol that involves increasing periods of unsupported spontaneous breathing interspersed with periods of full ventilatory support \[[@B46]\]. Wysocki and colleagues \[[@B46]\] showed that the reduced breathing variability in the breathing pattern was a marker of poor outcome from mechanical ventilation. This is in contrast to previous findings by Engoren \[[@B26]\] and El-Khatib and colleagues \[[@B27]\]. However, these discrepancies can be explained by the differences in the experimental set-ups as Engoren and El-Khatib and colleagues were assessing variability in breathing pattern during minimal ventilatory support while Wysocki and colleagues were assessing breathing pattern during a T-piece trial and when patients were off any ventilatory support. A subject of considerable interest is the duration of the T-piece or CPAP trials that best reflect patient readiness for liberation from mechanical ventilation. Large randomized controlled trials indicate that the mean time for a T-piece trial failure is approximately 40 to 50 minutes \[[@B2],[@B3],[@B6]\]. The proper trial duration for those conducted on CPAP or PSV is not well known. However, there is convincing evidence \[[@B2],[@B3],[@B6],[@B47]\] that a spontaneous breathing trial with either T-piece, CPAP, or PSV should be conducted for 30 to 120 minutes in order to test readiness for liberation from mechanical ventilation. It is likely that patients requiring more prolonged mechanical ventilation will require longer spontaneous breathing trials \[[@B48]\].

One advantage of using PSV instead of a T-piece or CPAP trials is its capacity to overcome the work of breathing imposed by the ventilator and the endotracheal tube \[[@B49],[@B50]\], particularly after a significant stay on mechanical ventilation during which it is anticipated that the tube radius is narrow or there are secretions lining the endotracheal tube lumen \[[@B51],[@B52]\]. One major issue remains the level of pressure support required to overcome the imposed work of breathing while avoiding either over-assisting, which can result in excessive numbers of extubation failures, or under-assisting, which can result in unnecessarily prolonged mechanical ventilation. Studies have shown that the appropriate PSV level differs substantially from patient to patient \[[@B49],[@B50]\]. Some studies have recommended the use of 5 to 7 cmH~2~O of pressure support to offset the imposed work of breathing imposed by the breathing circuit, ventilator, and endotracheal tube resistances \[[@B2],[@B4]\].

Esteban and colleagues \[[@B3]\] showed in patients who failed a first spontaneous breathing trial that the median duration of weaning was 5 days for synchronized intermittent mandatory ventilation (SIMV), 4 days for PSV, and 3 days for T-piece trials. Other investigations indicated that the degree of respiratory muscle rest on SIMV is not proportional to the level of ventilatory support \[[@B53],[@B54]\]. Combining PSV and SIMV reduced the pressure-time product and the work of breathing of the intervening and mandatory breaths, compared to SIMV alone \[[@B55]\]. Nevertheless, there is strong evidence that in patients who fail their initial attempt at spontaneous breathing (Table [3](#T3){ref-type="table"}), SIMV weaning is inferior to repetitive and scheduled T-piece trials or PSV trials and serves to prolong the duration of mechanical ventilation \[[@B2],[@B3]\].

###### 

Criteria for failure of spontaneous breathing trial

  ----------------------------------------------------------------------------
  Anxiety
  Diaphoresis
  Greater than 20 to 25 percent increase in heart rate and/or blood pressure
  Increased use of accessory muscles and dyspnea
  Respiratory rate \> 35 breaths/minute
  S~p~O~2~\< 90 percent or greater than 5 percent decrease from baseline
  ----------------------------------------------------------------------------

S~p~O~2~, oxygen saturation.

Alongside T-piece, CPAP, and PSV trials, other modern forms of assisted spontaneous breathing (automatic tube compensation (ATC), proportional assist ventilation (PAV) and neurally adjusted ventilation assist (NAVA)) have been developed and brought to technical fruition in recent years. While PSV provides a constant pressure support level that can lead to either under-compensation and/or over-compensation of the pressure drop across the endotracheal tube, ATC provides a programmable pressure that is intended to compensate for the endotracheal tube resistance during inspiration and expiration according to the actual gas flow \[[@B56]\]. As such, ATC compensates continuously for the endotracheal tube and, hence, is sometimes referred to as electronic extubation \[[@B57]\]. Kuhlen and colleagues \[[@B56]\] showed that in weaning from mechanical ventilation, patients\' work of breathing during spontaneous breathing trials is reduced by the application of PSV of 7 cmH~2~O whereas the workload during automatic tube compensation corresponded to the values during trials of spontaneous breathing through a T-piece. Cohen and colleagues \[[@B57]\] showed that significantly more patients undergoing a spontaneous breathing trial with ATC were able to maintain spontaneous breathing for 48 hours after discontinuation of mechanical ventilation and extubation than with CPAP alone. Although not much research has been done on PAV and NAVA as newer weaning modes, some researchers have postulated a potential role of PAV and NAVA in weaning patients from mechanical ventilation \[[@B58],[@B59]\]. Much research is needed in this area.

Etiology of liberation failure
==============================

When a patient fails a spontaneous breathing trial (Table [3](#T3){ref-type="table"}), this should prompt the clinicians to conduct a systematic search for the reversible factors that may be responsible for weaning failure. Some of these factors may be simple to correct while others may be impossible to correct.

Respiratory factors
-------------------

The vast majority of patients who fail a spontaneous breathing trial do so because of an imbalance between respiratory muscle capacity and the load placed on the respiratory system \[[@B30],[@B60]\]. High airway resistance (bronchospasm and excessive airway secretions) \[[@B61]-[@B63]\] and low respiratory system compliance (stiff chest wall, stiff lungs, flooded or atelectatic alveoli) \[[@B64],[@B65]\] contribute to the increased work of breathing necessary to breathe and can lead to unsuccessful liberation from mechanical ventilation.

The presence of auto-positive end expiratory pressure (auto-PEEP), commonly observed in COPD patients, can increase the pressure gradient needed to inspire, whether triggering the ventilator or spontaneous breathing \[[@B66],[@B67]\]. This inspiratory threshold raises the work of breathing and leads to failure of liberation from mechanical ventilation \[[@B68]\]. When a spontaneous breathing trial signals a strength-load imbalance, the trial should be terminated so as to avoid respiratory muscle exhaustion and subsequent hypercapnia and hypoxemia.

Major organ system failure
--------------------------

Myocardial dysfunction can cause liberation from mechanical ventilation intolerance \[[@B69]-[@B71]\]. Myocardial ischemia is another mechanism causing failure of cardiac-induced liberation from mechanical ventilation \[[@B72],[@B73]\]. Frazier and colleagues \[[@B72]\] recommended that clinicians must be aware of the potential for silent myocardial ischemia, monitor and evaluate their patients for such, and intervene to promote optimal cardiovascular function, particularly during the stress of liberation from mechanical ventilation. Vieira and colleagues \[[@B74]\] investigated whether the occurrence of acute kidney injury has any effect on liberation from mechanical ventilation. They reported that renal dysfunction has serious consequences for the duration of mechanical ventilation, liberation from mechanical ventilation, and mortality in critically ill patients \[[@B74]\]. Thyroid gland dysfunction has also been associated with decreased liberation from mechanical ventilation success \[[@B75]\]. Huang and Lin \[[@B76]\] evaluated whether stress dose corticosteroid supplementation can improve ventilator weaning in patients with adrenal insufficiency. They reported that early identification of adrenal insufficiency and appropriate supplementation with stress dose hydrocortisone increase the success of ventilator weaning and shorten the weaning period. Critical illness polyneuropathy has been reported to cause prolonged duration of mechanical ventilation \[[@B77],[@B78]\]. Garnacho-Montero and colleagues \[[@B78]\] reported in a cohort of 64 patients that weaning failure occurred in 79% of the patients with critical illness polyneuropathy versus 20% of patients without critical illness polyneuropathy.

Nutritional status and electrolyte balance
------------------------------------------

Nutrition should be assessed to ensure that it is adequate to maintain respiratory muscle mass and force \[[@B79]\]. Optimal nutritional support frequently improves liberation from mechanical ventilation, particularly when overfeeding is avoided. Excessive carbohydrate feeding can increase carbon dioxide production and may precipitate acute hypercapnic respiratory failure \[[@B79],[@B80]\].

Psychological factors
---------------------

Psychological factors may be among the important non-respiratory factors contributing to unsuccessful liberation from mechanical ventilation and leading to ventilator dependence \[[@B11],[@B81]-[@B84]\]. Anxiety, fear, and stress manifested as rapid shallow breathing, tachycardia, and hypertension should be minimized \[[@B81]\]. Frequent communication among the ICU health care team, patient, and patient\'s family can be helpful in reducing/eliminating psychological factors. The process of liberation from mechanical ventilation should be explained to patients and reassurance for patients during the spontaneous breathing trials should be provided \[[@B82]\]. Sedatives should be used cautiously because they can depress the respiratory drive. Girard and colleagues \[[@B85]\] showed that a paired sedation and ventilator weaning protocol consisting of daily spontaneous awakening trials plus spontaneous breathing trials resulted in patients spending more time off mechanical ventilation, less time in coma, and less time in intensive care and the hospital.

Technical factors
-----------------

When the ventilator is not adjusted appropriately, it can impose exhausting respiratory muscle workload during spontaneous breathing trials with either CPAP or PSV. The inspiratory valve triggering sensitivity when set inappropriately can increase the work of breathing needed to trigger the ventilator. Flow triggering (1 to 2 l/minute) has been shown to be more effective and to result in lower workload of breathing to trigger the ventilator than pressure triggering during liberation from mechanical ventilation \[[@B86],[@B87]\]. Also, the endotracheal tube can contribute to weaning failure. Endotracheal tube resistance increases over time as the tube becomes encrusted with secretions and its cross-sectional area reduced. During a T-piece trial, endotracheal tubes with high resistance can impose a significant workload on the patient\'s respiratory muscles, which can contribute to weaning failure \[[@B50],[@B56],[@B88]\].

During his examination of protocols for hastening liberation of patients from mechanical ventilation, Ely \[[@B89]\] presented the jargon \"WHEANS NOT\", which summarizes that patients with present wheezes, heart disease, electrolytes imbalance, anxiety, neuromuscular disease, sepsis, nutrition insufficiency, receiving opiates, and with thyroid disease remain at risk for failure of liberation from mechanical ventilation and should prompt clinicians to address these issues.

Value of weaning protocols
==========================

There is very strong evidence that weaning/liberation protocols can be successfully implemented in ICUs while expediting weaning and improving the success of liberation from mechanical ventilation \[[@B90]-[@B94]\]. These protocols, whether they are physician-directed or implemented by respiratory therapists and ICU nurses, can enhance clinical outcomes and reduce costs of caring for critically ill patients. Marelich and colleagues \[[@B95]\] evaluated the effect of a single ventilator weaning protocol used in medical and surgical ICUs on the duration of mechanical ventilation and the incidence of ventilator associated pneumonia. They reported that a multidisciplinary weaning protocol was effective in reducing the duration of mechanical ventilatory support (from a median of 124 hours to a median of 68 hours) without any adverse effects on patient outcome. Also, they indicated that the weaning protocol was associated with a 50% decrease in incidence of ventilator-associated pneumonia. Similarly, Dries and colleagues \[[@B96]\] showed that protocol-driven weaning reduces the use of mechanical ventilation from 0.47 to 0.33 ventilator days/ICU days and reduces by 71% the incidence of ventilator-associated pneumonia in surgical ICU patients. Using a handheld computer, Iregui and colleagues \[[@B97]\] showed that respiratory care practitioners employing a weaning protocol programmed on a handheld computer can wean patients from mechanical ventilation more efficiently compared with the use of a paper-based weaning protocol. Lellouche and colleagues \[[@B98]\] compared usual care for weaning with a computer-driven weaning protocol based on a feedback system that uses the ventilatory pattern and end-tidal CO~2~to drive the appropriate pressure support levels. They reported that weaning duration was reduced in the computer-driven group from a median of 5 to 3 days and the total duration of mechanical ventilation from 12 to 7.5 days. The computer-driven weaning protocol also decreased median ICU stay from 15.5 to 12 days \[[@B98]\]. In cardiac surgery patients, Petter and colleagues \[[@B99]\] showed that during adaptive support ventilation, a ventilatory mode providing automatic adjustments of the ventilator settings, the outcome of tracheal extubation was comparable to PSV, with fewer ventilator setting manipulations and a smaller number of alarms. They suggested that adaptive support ventilation may simplify postoperative ventilatory support without delaying extubation. Much research is needed to identify any role for the modern modes of assisted spontaneous breathing in expediting and improving liberation from mechanical ventilation.

Whereas many controlled trials conducted in North America have demonstrated the effectiveness of nursing-based and respiratory therapist-based protocols in the early liberation from mechanical ventilation and reducing the length of stay in the ICU \[[@B100]-[@B103]\], weaning from mechanical ventilation in Europe has generally been less common and mainly physician-directed. Blackwood and colleagues \[[@B104]\] interviewed a sample of ten consultant physicians in two European ICUs and reported that although local physicians were supportive in theory, introduction of protocolized weaning is likely to be difficult because of the breadth of information required for successful decision making.

Consultants\' views in this study were not consistent with North American findings that physicians\' caution may unnecessarily prolong weaning. Two recent European studies reported conflicting results on the utility of protocolized weaning in affecting the outcome and duration of mechanical ventilation. Blackwood and colleagues \[[@B105]\], using a physician-driven protocol, reported that protocolized weaning did not reduce the duration of mechanical ventilation and was not associated with an increased rate of re-intubation or ICU mortality, while Tonnelier and colleagues \[[@B106]\], using a nurses\' protocolized-directed weaning strategy, showed a shorter duration of mechanical ventilation and a shorter length of stay in the ICU, with no difference in extubation failure or incidence of ventilator-associated pneumonia in patients requiring ventilatory support for greater than 48 hours. However, it should be pointed out that most (if not all) of the above clinical studies supporting these weaning approaches did not routinely use daily spontaneous breathing trials in the control group.

In 2006, Goodman \[[@B107]\] described how a weaning protocol is designed and introduced into the critical care unit of a district general hospital. He indicated that a multi-professional group interested in weaning needs to work to formulate a protocol, to implement the protocol into the ICU, and to maintain an ongoing auditing system.

While each institution must customize the weaning protocols to its local practice, there are important general concepts that may ease the process of implementation and enhance success \[[@B105]\]. First, protocols should not be viewed as static constructs, but rather dynamic tools in evolution, which can be modified to accommodate new data and/or clinical practice guidelines. Second, institutions must be prepared to commit the necessary resources (for example, technology and personnel) to develop and implement weaning protocols.

Non-invasive ventilation
========================

Patients with limited ventilatory reserve or chronic pulmonary disease can benefit from non-invasive positive pressure ventilation (NPPV) in the period post-extubation and after liberation from mechanical ventilation. Ferrer and colleagues \[[@B108]\] showed that earlier extubation with NPPV resulted in shorter duration of mechanical ventilation and length of stay, less need for tracheostomy, and lower incidence of complications, and improved survival in 21 patients who had failed a weaning trial for 3 consecutive days. In patients with an exacerbation of COPD, Nava and colleagues \[[@B109]\] showed that NPPV facilitated extubation within 48 hours after intubation, decreasing the period of ventilatory support, the ICU stay, and the incidence of nosocomial pneumonia as well as increasing survival. A recent meta-analysis \[[@B110]\] of five studies and 171 patients reported that the use of NPPV facilitated weaning with a consistent positive effect of non-invasive weaning on mortality. However, caution should be exercised not to prolong non-beneficial use of NPPV, particularly in non-COPD patients, as this may worsen outcomes \[[@B111]\]. In a group of 221 patients with similar baseline characteristics and who were randomly assigned to either NPPV (114 patients) or standard medical care (107 patients), Esteban and colleagues \[[@B111]\] showed that NPPV did not reduce mortality or the need for re-intubation among patients receiving mechanical ventilation who had respiratory failure after extubation. The mortality rate tended to be higher among the patients assigned to NPPV than among those assigned to standard medical therapy, suggesting that unnecessarily prolonged use of NPPV may worsen outcomes by delaying necessary re-intubation.

Extubation
==========

Extubation (that is, removal of the endotracheal tube) is the second stage in the liberation from mechanical ventilation process. It should be considered and attempted after patients have passed a spontaneous breathing trial as part of the liberation process. However, even with the success of a spontaneous breathing trial, the possibility of an extubation failure (that is, the need for re-intubation within 48 to 72 hours) is 10% to 20% \[[@B112],[@B113]\]. Some of the factors that have been implicated in such extubation failures include cough strength, propensity for aspiration, volume of secretions and suctioning frequency, level of consciousness, and potential for upper airway stridor \[[@B114]-[@B116]\]. Decreasing the risk for extubation failure necessitates the thorough assessment of patients\' ability to cough and clear airway secretions \[[@B114],[@B115]\] as well as the use of steroids for patients who are at risk of post-extubation laryngeal edema \[[@B116]\].

The role of tracheostomy in liberation from mechanical ventilation
==================================================================

The role of tracheostomy in liberation from mechanical ventilation has been the subject of several studies. The benefits commonly ascribed to tracheostomy \[[@B117]-[@B121]\] include increased patient comfort, decreased airway resistance, better secretion removal, improved oral hygiene, less laryngeal damage, and ability to eat and speak. Boynton and colleagues \[[@B119]\] showed in an observational prospective cohort study that the median duration of weaning was 3 days in surgical patients who underwent tracheostomy prior to any active weaning attempts versus 6 days in patients in whom initial weaning attempts were made with the endotracheal tube in place. The frequency of fatigue and pneumonia were also lower in the patients who underwent early tracheostomy. Diehl and colleagues \[[@B120]\] and Davis and colleagues \[[@B121]\] reported that the work of breathing decreased by 26% to 55%, the pressure-time index decreased by 55%, the airway resistance decreased from 9.4 to 6.3 cmH~2~O/l/s, and the auto-PEEP decreased from 2.9 to 1.6 cmH~2~O following tracheostomy. They postulated that the rigid nature of the tracheostomy tube represents reduced imposed work of breathing compared with the longer, thermoliable endotracheal tube and concluded that tracheostomy can substantially reduce the mechanical workload of ventilator-dependent patients.

An approach to liberation from mechanical ventilation
=====================================================

Each institution should develop its own protocol for liberation from mechanical ventilation that is based on solid scientific data and take into consideration the level of personal and technical support in the ICU. The algorithm presented in Figure [1](#F1){ref-type="fig"} reflects our institutional protocol for liberation from mechanical ventilation, which is not meant as a guideline but just an example of a simple bedside approach to the liberation from mechanical ventilation. An essential component of our evaluation for readiness for a spontaneous breathing trial involves the assessment of respiratory system resistance, particularly in patients who have received mechanical ventilation for more than 7 days. Measurement of the respiratory system resistance (which includes endotracheal tube resistance) is performed with an end-inspiratory occlusion maneuver \[[@B122]\] during mechanical ventilation and prior to initiation of the spontaneous breathing trial. This will particularly give us an insight into the endotracheal tube condition (that is, endotracheal tube resistance), which can be a major workload during the subsequent spontaneous breathing trial. For resistance values ≤ 9 cmH~2~O/l/minute, patients can receive a spontaneous breathing trial with a T-piece, otherwise patients will undergo spontaneous breathing trials with CPAP or PSV.

![Algorithm for liberation from mechanical ventilation. BP, blood pressure; CPAP, continuous positive airway pressure; F~i~O~2~, fraction of inspired oxygen; HR, heart rate; P~a~O~2~, partial pressure of arterial oxygen; PEEP, positive end expiratory pressure; PSV, pressure support ventilation; RR, respiration rate; RSBI, rapid shallow breathing index; S~p~O~2~, oxygen saturation.](cc6959-1){#F1}

Conclusion
==========

Successful liberation from mechanical ventilation in the ICU depends on the application of skilled judgment, decision making, and medical and nursing interventions. Most patients do not require a prolonged period of gradual withdrawal of mechanical ventilation, which carries the risks of ventilator-induced lung injury, nosocomial pneumonia, airway trauma, and increased cost of care. On the other hand, overly aggressive and premature discontinuation of ventilatory support can precipitate ventilatory muscle fatigue, gas-exchange failure, and loss of airway protection. The last two decades of research have provided the information necessary to make adequate clinical decisions in liberating patients from mechanical ventilation.

Key points with regard to liberation from mechanical ventilation are: most mechanically ventilated patients can be liberated from mechanical ventilation after a short spontaneous breathing trial; most weaning predictors may not be sufficiently accurate for liberation decision-making, although they are helpful in identifying causes of respiratory failure; the overall medical management of patients who continue to require ventilatory support should be continuously re-evaluated to ensure that all factors contributing to ventilator-dependence are assessed; ventilatory support strategies should be aimed at maximizing patient comfort and unloading of the respiratory muscles; the duration of spontaneous breathing trials can be anywhere from 30 to 120 minutes; and the duration of mechanical ventilation can be reduced by using clinical protocols that can be executed by respiratory therapists and ICU nurses and not necessarily by ICU physicians.
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ATC = automatic tube compensation; COPD = chronic obstructive pulmonary disease; CPAP = continuous positive airway pressure; CROP = integrative index of compliance, rate, oxygenation, and pressure; f = breathing frequency; f/V~T~= ratio of breathing frequency to tidal volume; ICU = intensive care unit; NAVA = neurally adjusted ventilation assist; NPPV = non-invasive positive pressure ventilation; P~0.1~/P~Imax~= ratio of airway occlusion pressure 0.1 s after the onset of inspiratory effort to maximal inspiratory pressure; PAV = proportional assist ventilation; PEEP = positive end expiratory pressure; PSV = pressure support ventilation; RSBI = rapid shallow breathing index; SIMV = synchronized intermittent mandatory ventilation; V~E~= minute ventilation; V~T~= tidal volume.
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